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ASD Simulation Method: Partitioned Approach

* Aeroelastic time-domain simulations

e Stationary and Non-Stationary Flow:

- FLOWer (DLR), RANS

- Multi-block-structured FV code

- Dual-time-stepping (unsteady mode), 5-stage RK (steady mode)

e Structure Deformation: Reduced-order modeling preferred for the structure:
- Multi-axial Timoshenko beam model
- Modal time integration preferred over direct time integration

* Grid deformation:

- Mixture between structural analogy & algebraic interpolation:
- Beam framework for block topology

- Algebraic interpolation inside blocks

e Spatial FSI coupling:

- Rigid link between CFD point & next CSM element

- Finite interpolation elements for conservative load & deformation interpolation
- Blending/interpolation techniques: non-unique mappings & surface joints
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European Transonic Windtunnel (ETW)

- Fluid temperature:
- Pressure:
- Fluid:

Height: 2.0m

- Test section dimensions:

110K — 313K
1.25bar — 4.5bar
Nitrogen gas

two-stage compressor (50 MW)
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( adjustable test section with "\
nozzle aircraft model
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stilling chamber with screens and
honeycomb for flow straightening
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\ stainless steel

pressure shell with
internal insulation
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European Transonic Windtunnel (ETW)

High Reynolds Number in

WT Experiments

Re = v cref p« /j,
sgn Ay = sgn AT,
sgnAp=sgnAp

=> Test gas temperature down

(to e.g. 120 K) and total
pressure up

= Aerodynamic force onto
model in the range of tons

= Wing model deforms
considerably,

— flow field and pressure
distribution affected

Take-off
and landing
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Test Section Mach Number
Independent setting of Ma, Re and total pressure p, enables separation of

aerodynamic and aeroelastic/load effects characterised by q and ratio q/E
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Example: Aeroelastic Equilibrium Configuration in ETW

Pressure distribution: rigid wing - flexible wing (real experiment)

Ma=0.85, Re=32.4-10°, T, = 162K, q=80 kPa, k-®

1.5 RWTH aileron 3° down (o= 1,491°)
- — — — — RWTH aileron 3° down (= 1.491°)
i O ETW (polar 3794) (o= 1.491°)
1 -« JComputed for jig-shape
1.0 B (ignoring deformation)
i \\ Final FSI result for
1 m aeroelastic equilibrium
-0.5 7 Configuration using
& ] u imoshenko beam model
" aileron 0.0
Flow conditions: -
Ma = 0.85 0.5
Re=325M ] Symbols: experiment ETW
g. = 80000 Pa 10? -
— — a . I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
¢,= 0.5 (=design) 0 0.25 0.5 0.75 1
aileron deflected x/cg,
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HiReTT: Aeroelastic Equilibrium Configuration

Effect of wing deformation on flow pattern on wing surface

Ma= 0.85

Re = 32.5:10°

g, = 80000 Pa

a = 2,5054° Aeroelastic
»Jig shape” c = 0.67 equilibrium
Deformation |gnored A clean wing configuration

no separation
Reversed flow P

Separation F Shock

Wing tip:
Aa =-¢

z,wingtip

=-2.3°
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Lessons Learned from the Real Experiment

» Significant wing deformation in High Reynolds number

wind tunnel testing, force parameter g replaced by g/E, E Young‘s
modulus of WT model

> Evaluation of test data w.r.t. Re number not simple - wing deformation
must be considered at same time

» No chance for pure CFD methods

» Beam model sufficient for slender wing to predict the influence of shape
change on aerodynamic properties

» Computational effort: CPU-time CFD = CPU-time CFD+CSM
» Very good agreement with experimental data

Disadvantage for university research w.r.t. industrial experiments: No
free access to data and no publication of experimental data in physical units

3
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HIRENASD

Main objectives of the project

High Reynolds Number Aero-Structural Dynamics (HIRENASD)

1. To improve ASD knowledge and gather experimental data

- for transonic flow about an aircraft type wing model in a wide range of
loads (expressed in terms of q/E),
- for Reynolds numbers up to the range of large aircraft in cruise,

with emphasis on

aeroelastic equilibrium configurations

aero-structural dynamic processes

aerodynamic damping mechanisms

unsteady shock/boundary-layer interaction

unsteady flow separation

YVVVYY

2. To provide experimental data in a data base that is freely accessible to
universities for transonic aeroelastic research, modeling enhancement,
and validation of aeroelastic and aerodynamic numerical methods as well.
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Design Views on HIRENASD Wind Tunnel Model

Geometry of HIRENASD Windtunnel Model:

Fuselage substitute
A (no mechanical contact to wing)

Q —_— )
\\\:‘ =

Wing geometry is a 1:28 scale model of the SFB 401 reference configuration.
Span of the 1:1 size corresponds to aircraft A380

P
P
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HIRENASD Windtunnel Model and Assembly

Model Dimensions:
Turntable

Wind tur}nel wall

Clamping flange

(Balance connection)

o

o

o]
S~

R

Non-contact

e 8 ]

labyrinth sealing  Brush sealing

o O

Fuselage substitute / - )
e 549,37 =
BAC 3-11/RES/30/21 N Q
+ thickening of profile %
lower side from 11% to > /
\_ 38944 &
P - - g &
o
BAC 3-11/RES/30/21 2
A.=0.3926m?
C..~0.3445m
Y
244.07
- — < >

1285.71

BAC 3-11/RES/30/21

BAC 3-11/RES/30/21
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HIRENASD: Preliminary Aeroelastic Result for Wing Design

Ma = 0.80
o = 2.0

Re = 35.*10%
q/E = 0.479*10°

ﬁ\» hx
e
Undeformed <-> Flexible

Numerical model: FLOWer, Navier-Stokes, EULER-symmetry B.C. in the wing root plane

Comparison of predicted pressure distributions in the 7 spanwise measuring

sections, black: Ignoring deformation, red: Aeroelastic equilibrium
Wing root clamped at wind tunnel wall, i. e. no fuselage substitute present
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Measuring Equipment for Pressure Distribution

Pressure Sensors: o2 2 2B UBE TBayg,
J

259 Kulite in-situ pressure sensors 718! L L L oo
are integrated in wing, 0 M
distributed in 7 spanwise sections K \

[

\
— detailed high speed measurement M302 4 4 ! 2 1
of transient pressure field feasible
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—
—
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Stereo Pattern Tracking (SPT) and Accelerometers

48 markers on the pressure side Positions of accelerometers
of wing model for SPT, In the upper (suction side) part

spacial accuracy 0.1 mm of wing model

x -1245.21
y - 873.039
z 5.9
Nr. 15/1
X - 999.64
y - 703.571
z 6.4
«-784.93 Nr 1472 o514
y - 565.415 R
y - 775.086
z 8.0
z 8.0
Nr. 13/2 Nr. 14/1
28° 40’ 26.186” X -721.302
x - 401.364 y - 659.744
y - 318.483 z 90
z 11.0 Nr. 13/1
x-285.714 Nr. 11/3 x - 709.606
y - 244.193 y-601.712
z 120 z 1.2 (zzgl. Resensor)
Nr. 11/1 Nr. 12/3
e B0 X - 285.714
y - 489.939
y- 103-842 z 102
Nr. 1071 Nr. 1172
x- 60.0
e, Swdm y - 396.342
| i O e R z 16.2
o B RO Nr. 10/2
o @ [
€, o & Positions of accelerometers
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Exemplary Result of SPT Measurement and Prediction

400

200-

q/E-Variation (small Re variation, fixed transition):
Influence of q/E on aerodynamic twist at wing tip

161| num.: g/E=0.22e-6
: —————— num.: q/E=0.34e-6
num.: g/E=0.48e-6
1.4+ o exp.: g/E=0.22e-6
o exp.: g/E=0.34e-6
124 exp.: g/E=0.48e-6
14
0.8__ £ 1 1 1
0.6 e
0.4 e ——
0.2 . ——
X Ma=0.80, g/E=varying
0-_ 0 + - - s
L I T T R
alpha
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HIRENASD Test Program and Conduction of Tests

Envelope of test conditions: Separate variation of Ma, Re, and q/E

A. Boucke 4/22/2012
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300 v
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250
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150
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100
50
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HIRENASD Static Wind Tunnel Tests

q/E-Variation: Influence on pressure distribution
g/E =0.22-10%, 0.48 -10

125 pPr—m—mm—m— 77—
. q/E=0.22:106¢ —&— |
q/E=0.48-106 — -9- -

-0.75
1 /_0.5 ..............
1 Re[mio] PO _
. . 77|.0 /< -0.25 | =
-1.25 ——————————————————— or |\ # . °
. , q/E=0.22-10‘Z —— | L L8 ; , —c
/E=0.48-106 - - - L C —
s RN 4R I  gection 7 (n=0.95)
: = A 05 |||||||||||||||||||
0 0.2 0.4 0.6 0.8 1

...................
.~ g/E=0.22'10¢ —&— |
§/E=0.48:10"6 - =--

_ - _ g/E=0.48¢-6
— g/E=0.22¢-6

Ma=0.80
Re=23.5 mio.
alpha=3.0°
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Validation: Influence of Ma on Cp & C, Distribution in 7 Sections

g/E = 0.48-10¢, Re = 23.5 -10¢, Ma varied: Computational vs. Experimental Results

0.8+

Cr 7
0.6

0.4+

4
4
q
4

1
o
¥

Aeroelast. Sim.

Simulation: solid lines. Experiments: red symbols | =~ “00 "
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Validation: Influence of Ma & Turbulence Model on C, & C, Polar

g/E = 0.48-10¢, Re = 23.5 -10¢, Ma varied: Computational vs. Experimental Results
SA (1-eq) . LEA k-0 (2-eq) SSG-m (RSM)

Simulation: solid lines. Experiments: red symbols

V 5

> SFB 401
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Stochastic Excitation: Frequencies from Static Tests

Determination of resonance frequency:
» Maximum effectiveness of excitation mechanism at resonance frequency

» Resonance frequency depending on flow conditions
» Determination of frequencies during steady wind tunnel tests from power spectra

» Accurate determination necessary due to low aerodynamic damping of higher modes

1T ; : force/ram dev: F, =5.0kN
: : : eigenfrequency: f,.=270.6Hz
' damplng factor D 0.69%

- S bendlng

1500007t

Acc13(1)

2nd bendmg

tor,tip

> ®
7100000 SRR R S 671
- R ol i =
8 : N (__)_
= RN R 1St torsion =
P - R T o 4%
e P % S Q
50000¢ o C
: o SRR o
' RN o 27

0 S0 100 150 200 280 300 08 085 09 095 1 105 1.1 1.15 1.2
frequency frequency ratio f./f,
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Band Filtering Process by Fourier Analysis of Dynamic

Measurement Data, e. g. for HIRENASD Exp. 346

Ma=0.85, Re=23.5-10°, q/E=0.22-10°

Force meas.
elements

Excitation
piezo stacks

f,=83.3Hz

2. Bending dominated mode shape

V3

=

/

6001

Control voltage of excitation piezo stacks

6001

600" Band filtered

Unfiltered 15:  band width 11 Hz

Balance force component normal to wing plane
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Band Filtering Process by Fourier Analysis of Dynamic

Measurement Data, e. g. for HIRENASD Exp. 346

unfiltered unfiltered

|__DEES . e |

..035 -024 -013 -003 008 016 024 .035 -.035 -.024 -013 -.003 008 .016 .024 .035

Top side Bottom side

band filtered band filtered

035 -.024 -.013 -.003 .008 .016 024 .035 -.035 -.024 -.013 -.003 .008 .016 .024 .035
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Band Filtering Process by Fourier Analysis of Dynamic

Measurement Data, e. g. for HHRENASD Exp. 158

Band-filtering around excitation frequency

Band needs to be sufficiently wide — here 11Hz for 2" bending mode (Exp.
158, pressure probe cp_3 (17)).

Exp 158, cp_3 (17), spectral density

Ma =0.8

Re =7-10°
qg/E =0.22-10°
a =-134°

ot\'\w’@\}‘v&‘“
s D

Blue band shows
pressure variation

clearly as response b0
to excitation
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Band Filtering Process, e. g. for HHRENASD Exp. 158

Uncertainties of measured system response to excitation

0.05 0.01
0.04 0.008
0.03 0.006
o} o
&) 8]
0.02 0.004
0.01 0.002
0 0
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 9 6 7 8 9
time, s time, s
cp_7 (10): SPR value 7.97 cp_3 (31): SPR value 1.07
Exp. 158, cp_7_(10), spectral density Exp. 158, cp_3_(31), spectral density

8
Simplified Signal-to-Perturbation-ratio:
mean amplitude 'excitation-on' / mean amplitude 'excitation-off'. Value >= ~1.
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Excited Vibration Using Volterra-Wiener ROM (See Literature

e.g. W.A. Silva)

Amplification and Damping Characteristics Computed using Reduced Order Model
140 ,

' ; l * l ! m ' ! ! l S T T ‘J
o Rowm, 1 bending  © : : '.'.-AAAAAAAAAAAMAM
. H(Eg=0.055) | S ppAET g
120 b A ----ROM,2”dbending o 0 ‘:AA z'm
T 1 H(Blw=0.019) - - - @ ; :
__________________________________ oM Mhbending & I
ok H(6/w0—0004) -------- i g
________________________________ S T |
80 k- L L ........ .i. ........ L L ......... -
ISR O 1 NSO SN 0k
4 i ROM tbending ©
A 0,(0lg=0.099)
e ROM, 2" bending  ®
P 9¢(0/w=0.015) - - -
_aged® & ROM 4Mbending A
- --'f""'K&KBA 9 (5/w0_0 003) ........
o L -
09 0.95 1 Q/wo 1.05 1.1
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Validation: Cp’ in Section 7 During Exc. of 2nd Mode, Exp. 271

Experiment

-Cp’ !
accis

-le-4

t1 64%:—*\\:
0

KA

Upper side

=2.5e-4] -cp”/ accian

+2 Se-d4

Simulation

Upper side

Lower side

-(}psl"l
accisn

-le-4

tle-4

XA

=2.5e-4 T —cp’ / accis

+F Se=q]| -cp” / ACCINI

Lower side
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Validation: Accelerations During Exc. of 2" Mode, Exp. 271

Experiment: snapshot of the Simulation: snapshot of the
NOrm. accis/t - contour plot norm. accis;i  contour plot™,

g 111 A @ I
Y A (] b o _, (O | (i Tl

11 norm. 1/2*(accian +accian)

1

,1lnorm. 1/2*(acci42-accian) 1l

0 0

-1 -1

acc/
max{accis1)

- HOL8

A. Boucke 4/22/2012 1% Aeroelastic Prediction Workshop ITAM ““ﬁ?u*n’?é‘%w

GmbH Aachen



Conclusions

» HIRENASD model very stiff, but nevertheless, the experiments provide aero-elastic
data over a wide range of parameters g/E, Ma, Re

> Stationary polars (at least nominally) have been performed as well as dynamic polars
with defined vibration excitation by applying internal force couples at wing root

» Stochastic flow perturbations during stationary polars enabled via accelerometers
the finding of natural mode shapes and frequencies

> Because of the high stiffness of the model, defined vibration excitation frequencies
chosen close to natural frequencies to achieve measurable amplitudes

> 1t natural mode excitation strongly affected by the stochastic perturbations, 2" and
3"mode excitation less perturbed resulting in higher signal to perturbation ratio

» Band filtering of dynamic data and formulations in the sense of transfer function
analysis provide data useful for dynamic code validation

» Moving averaging of balance forces in stationary polars yielded good results for lift
and drag, except for some conditions where no stationary flow was established
which are not discussed in this workshop. (Upstream propagating shock waves as
phenomena partly similar to shock buffet, but without significant flow separation)
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Thank you for
your attention!

AIAA SDM Conference
Honolulu, HI
April 2012
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HIRENASD Elastic Model Assembly for Code Validation

adapter e e
3 P = [ A alance’§ i__ Pa
= | B ]
s B\ S
= o N . ./ 132
WT wall & wing clamping
- =85 & excitation l _F,JTL
h‘ l"l 5493 I'."-I BAC 3-11 +
g II|| 'II |/I/ )
& | 3 1 reinforcement of
' f I lower side
g X'X 388 Vv rel. thickness
o f; 4_00 ~ 15%
3 / wing BAC 3-11
f,f 7V _ rel. thickness 11%
/ 243./
r
7
g
/
138.8
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